INTRODUCTION
NMR spectroscopy routinely provides high-accuracy solution-state structures of proteins and is a powerful tool for probing dynamics and interactions with other biological molecules, including small molecule ligands and within multidomain complexes. 1-3 With the emergence of worldwide structural genomics efforts, NMR has served as a complement to X-ray crystallography as a means of rapidly obtaining high-quality three-dimensional (3D) structures of biologically interesting proteins, as well as increasing the coverage of protein sequence space by using these structures as templates for large-scale homology modeling. 4 Natively disordered or unstructured regions in proteins are both common and biologically important, particularly in modulating intermolecular recognition processes. 5-7 From a practical point of view, however, such disordered regions often pose significant challenges for structure determination by either X-ray or NMR methods. Although, NMR is especially advantageous for analyzing proteins with intrinsically disordered regions that sometimes prevent crystallization, 8 obtaining NMR resonance assignments and structural data for partially unfolded proteins is complicated by a number of factors, including (i) NMR resonances for disordered residues tend to be highly overlapped, making their assignment difficult, (ii) at one extreme of the relaxation range, disor-H exchange mass spectrometry (DXMS) for the rapid identification of disordered segments of proteins and design of protein constructs that are more suitable for structural analysis by NMR. In this benchmark study, DXMS is applied to five NMR protein targets chosen from the Northeast Structural Genomics project. These data were then used to design optimized constructs for three partially disordered proteins. Truncated proteins obtained by deletion of disordered N-and C-terminal tails were evaluated using 1 15 N heteronuclear NOE NMR experiments to assess their structural integrity. These constructs provide significantly improved NMR spectra, with minimal structural perturbations to the ordered regions of the protein structure. As a representative example, we compare the solution structures of the full length and DXMS-based truncated construct for a 77-residue partially disordered DUF896 family protein YnzC from Bacillus subtilis, where deletion of the disordered residues (ca. 40% of the protein) does not affect the native structure. In addition, we demonstrate that throughput of the DXMS process can be increased by analyzing mixtures of up to four proteins without reducing the sequence coverage for each protein. Our results demonstrate that DXMS can serve as a central component of a process for optimizing protein constructs for NMR structure determination. dered residues are characterized by very intense NMR peaks, which can mask underlying resonances from structured regions of the protein, (iii) these intense signals from disordered residues can also lead to troublesome spectral artifacts that can complicate the analysis of resonances from ordered residues, (iv) disordered termini of proteins may also cause aggregation, precipitation, and sample instability, precluding NMR structure analysis. A potential remedy is to remove disordered N-or C-terminal residues from the protein sequence, provided this procedure does not compromise the structural integrity of the native protein. This strategy was used, for example, in a recent study of Escherichia coli ribosome-binding factor A (RbfA), where a 25-residue deletion from the C-terminus of the protein resulted in dramatic improvements in NMR spectral quality and sample stability, and ultimately lead to a solution structure that was not possible for the full length protein. 9 The success of such an approach clearly requires a priori residue-specific knowledge of the unfolded region(s) in the protein of interest.
The combination of NMR and hydrogen/deuterium
H) exchange is a well-established technique for monitoring protein dynamics and folding at a residue-specific level. 10-13 In recent years, mass spectrometric measurements of backbone amide hydrogen exchange rates have been successfully implemented to acquire complementary information on smaller sample quantities for the identification of protein-protein or protein-ligand interaction surfaces, to determine the structural stability of proteins and protein complexes, and to characterize flexibility in localized regions of proteins. 10-12,14-22 Analyzing proteins using 1 H/ 2 H exchange mass spectrometry (DXMS), 19, [23] [24] [25] where the backbone amide hydrogen exchange rates are used to detect the solvent accessibility of backbone amide groups, has allowed the design of protein constructs with improved crystallization success when compared with the full-length protein. 24, 25 Mass spectrometry can also be combined with limited proteolysis (LPMS) to elucidate domain boundaries, ultimately leading to the design of constructs providing diffraction quality crystals. 26 Here, we describe a process for addressing certain classes of challenging proteins using mass spectrometry based construct optimization of partially disordered proteins selected for NMR structure determination by the Northeast Structural Genomics (NESG) Consortium (www.nesg.org). Our general strategy of construct optimization for structure determination in the NESG is shown in Figure 1(A 15 N chemical shifts characteristic of disordered residues (suggesting some structural disorder). These data reveal that there are disordered segments of the protein, but in the absence of resonance assignments, do not provide information on their location(s) in the sequence. Efforts are next made to identify the polypeptide sequence(s) corresponding to these putative disordered regions using a consensus set of disorder prediction methods (see, e.g., Supporting Information Figure S1 ). If this consensus prediction indicates, with high reliability, a disordered N-or C-terminal segment, several constructs lacking these terminal disordered ''tail'' residues are generated. However, when no clear consensus is obtained from the various disorder prediction programs, or multiple disordered regions are predicted, DXMS experiments are performed to determine approximate boundaries between ordered and disordered regions. Constructs designed and produced on the basis of either DXMS or disorder predictions are then expressed and purified, and reassessed using N HSQC NMR spectra, ultimately leading to structures of protein targets which could not otherwise be studied. We further demonstrate that the DXMS results for YjcQ and Q8ZRJ2 are consistent with the predominantly ordered solution structures obtained for these controls. Finally, amide hydrogen exchange rates were analyzed for four proteins individually and as a mixture, to illustrate the potential for higher-throughput DXMS-based protein disorder determination for sets of noninteracting proteins.
MATERIALS AND METHODS
Protein expression, cloning, and purification All proteins used for the 1 H/ 2 H exchange mass spectrometry experiments and NMR analysis were expressed, cloned, and purified based on methodologies previously published by our laboratory. 27 Briefly, the full length gene and truncated construct of C32E8.3 from C. elegans were cloned into modified pET15 expression vectors containing a short N-terminal purification tag (MGHHHHHHSH). 28 Full length genes for B. subtilis YnzC and YjcQ, S. typhimurium Q8ZRJ2, and E. coli YiaD, as well as the various truncated constructs of B. subtilis YnzC and E. coli YiaD were cloned into pET21 expression vectors containing a short C-terminal affinity tag (LEHHHHHH). All vectors were transformed into codon enhanced BL21 (DE3) pMGK E. coli cells, which were cultured at 378C in MJ9 minimal medium. 29 Samples for DXMS studies were prepared without isotopic enrichment. 13 C, 15 N-double labeled samples required for NMR structure determination were fermented using ( 15 NH 4 ) 2 SO 4 and U-
13
C-glucose as the sole sources of nitrogen and carbon, respectively. Protein expression was induced at reduced temperature (178C) by IPTG (isopropyl-b-D-thiogalactopyranoside). Expressed proteins were purified using an AKTAexpress (GE Healthcare) two-step protocol consisting of HisTrap HP affinity and HiLoad 26/60 Superdex 75 gel filtration chromatography. Sample purity (> 95%) was confirmed using SDS-PAGE and MALDI-TOF mass spectrometry. H exchange experiments were conducted following the methods described by Spraggon et al. 25 Our general protocol is shown in Figure 1 (B). A 5 lL aliquot of protein sample ($25-50 lg unlabeled protein in 10 mM Tris HCl, 150 mM NaCl, pH 7.5, unless otherwise indicated) was mixed with 15 lL of deuterium oxide ( 2 H 2 O) containing 10 mM Tris HCl, 150 mM NaCl, pH 7.5 and incubated on ice for set time points before being quenched by the addition of 30 lL of quench solution containing 1.0 M GuHCl and 0.5% formic acid (FA). This quench solution reduces the sample pH to $2.5, quenching the rate of amide hydrogen exchange; the GuHCl partially unfolds the protein ensur- ing more efficient cleavage by pepsin in the subsequent step of the process. The resulting mixture was frozen immediately on dry ice (2808C). For the zero-time-point experiment, 5 lL of protein sample was mixed with 15 lL of 10 mM Tris HCl, 150 mM NaCl, pH 7.5 in H 2 O, and then ''quenched'' and analyzed in the same way as the 1 H/ 2 H exchanged samples. Samples containing multiple proteins were studied by mixing equal volumes of the protein solutions and analyzing 5 lL aliquots of the resulting mixture in the same manner as for the individual protein samples. Therefore, the final protein concentrations in the mixed samples were at 25% of the concentrations used in the individual protein analyses.
HPLC solvent bottles, connection lines including the sample loop, the pepsin column, and the analytical column were all kept on ice. Frozen samples were thawed on ice and immediately manually injected into a precolumn (66 lL bed-volume, Upchurch) packed in-house with immobilized pepsin (PIERCE) at a flow rate of 100 lL/min at 08C, followed by injection of solution A at 100 lL/min into a 200 lL sample loop (A: 0.1% formic acid in water). Proteins are thus subjected to pepsin cleavage at 08C for <1 min (66 lL pepsin column bed volume, 100 lL/min flow rate). The protocol ensures extensive pepsin cleavage, which produces large numbers of overlapping peptides and provides extensive coverage of the protein sequence and high resolution in the exchange heat map.
After pepsin digestion, the sample loop was next brought online with a C18 HPLC column (Discovery, BioWide Pore C18-3, 5 cm 3 2.1 mm, 3 lm, Supelco) by valve switching. Following a 3-minute wash step with 2% solution B (solution B: 0.1% formic acid in acetonitrile) at a flow rate of 200 lL/min, the digested peptides were separated by a linear acetonitrile gradient of 2-50% solution B over 17 min at 200 lL/min. The eluate was then analyzed by an electrospray-linear ion-trap mass spectrometer (LTQ, ThermoFisher). For measurement of the mass shift in 1 H/ 2 H exchange experiments, MS was set to perform full-scan in the m/z range of 300-2000 in profile mode for the entire LC-MS run. Peaks corresponding to the deuterated peptides were manually extracted based on approximate retention time and m/z. The average m/z was calculated as the centroid of the isotopic mass distribution averaged over a retention-time window defined at 30% peak height. The amount of deuteration of each peptide was quantified by the difference of the average m/z at each time point from that of the zero-time-point sample (fully protonated state). For the correction of back exchange during the pepsin cleavage and chromatographic separation process, a completely exchanged sample was produced as described by Hamuro et For peptide identifications, a sample was processed the same way as the zero-time-point sample described above for amide 1 H/ 2 H exchange measurements. The mass spectrometer was set to perform one full-scan MS in the m/z range 300-2000, followed by zoom scans of the top five most intense ions and MS/MS of multiply charged ions. Dynamic exclusion conditions were set to exclude parent ions that were selected for MS/MS twice within 30 sec, and the exclusion duration was 60 sec. Acquired data were then searched using Sequest software against a homemade sequence database composed of 83,095 entries of NESG target proteins, plus the E. coli sequence database and sequences of common contaminants, such as human keratins. The search parameters were set to use no enzyme and parent tolerance of 1/2 2 amu and fragment ion tolerance of 1/2 1 amu. The search results were confirmed manually. The partially unfolded 180-residue C. elegans protein CE32E8.3 belongs to the family of tubulin polymerization promoting proteins (TPPP). The prototype of this family, TPPP/p25 alpha, promotes aberrant tubulin polymerization, is known to block mitotic spindle formation in Drosophila embryo, and has been identified as a marker for a-synucleinopathies. 45-48 Although there is some controversy in the literature as to whether TPPP/p25 alpha is natively unfolded or flexible but natively folded, 49,50 the solution structure of the C. elegans homologue CE32E8.3 (NESG target WR33), with 37.5% sequence similarity to human TPPP/p25 alpha, has been solved by the NESG consortium (DOI 10.2210/pdb1pul/pdb). It consists of five helices with an intrinsically-disordered region in the C-terminal one-third of the protein sequence. The protein construct that was used for the NMR structure determination was designed utilizing backbone NMR spectral assignments for the full-length protein, 28 because the backbone chemical shift and H resonance frequencies for the remaining ordered residues are identical in both spectra, confirming that deletion of the disordered sequence does not disturb the structure of the remaining protein.
The process of deducing the NMR backbone resonance assignments for the full-length 180-residue CE32E8.3 protein to identify disordered residues was slow and laborious, requiring milligram quantities of the protein. It was particularly challenging to complete resonance assignments for disordered residues that exhibit overlap with resonances from the ordered helical residues. Mass spectrometry, which uses only microgram amounts of protein, facilitates rapid construct optimization for subsequent NMR studies. The relative rates of H exchange at $08C, color-coded to illustrate the deuterium uptake levels when the exchange reaction is quenched after 10, 100, and 1000 sec, respectively. The results reveal faster exchanging amide hydrogens in the $60 C-terminal residues of the protein (residue 122 onward), consistent with hetNOE data obtained for this more flexible region of the protein. The deuterium exchange levels at 100 and 1000 sec time points for residues 32-41 and 58-68 also reflect high solvent accessibility of amide sites in these regions of the structure, consistent with the locations of interhelical loops in these segments identified by the NMR chemical shift data and by the solved 3D structure. Thus, the DXMS data, recorded on smaller quantities of protein sample and generated much more rapidly than resonance assignments and hetNOE data for this 180-residue protein, provide sufficiently accurate determination of disordered regions of the protein to allow construct designs similar to those provided by the extensive NMR studies.
DXMS construct optimization of the partially disordered protein B. subtilis YnzC
Further validation of mass spectrometry based disorder identification was achieved by comparing the DXMS Figure 3(B) . Once again, we observe Figure 3 Protein sequence, NMR secondary structure, 1 H-15 N hetNOE, and DXMS results (10, 100, and 1000 sec exchange durations; pH 7.5 and temperature $08C) analyzed individually (I) and in a four protein mixture (M) for (A) protein C32E8.3 from C. elegans (NESG target WR33) and (B) protein YnzC from B. subtilis (NESG target SR384). Information Table S1 . Note that the peptide comprising residues 26-35 shows $20% deuterium uptake after 10 sec of exchange, while the peptide comprising residues 41-51 shows 80% deuterium uptake, implying that the disorder boundary lies somewhere within the boundaries for the latter. We therefore prepared five truncated protein constructs covering the length of this peptide (constructs 1-40, 1-43, 1-46, 1-49 , and 1-52). To confirm that DXMS based truncations did not disturb the protein structure in the ordered region of this protein, we also conducted NMR 
DXMS construct optimization of the partially disordered protein E. coli YiaD
In our structural genomics effort, the DXMS approach routinely results in the design of constructs with dramatically enhanced NMR spectral properties. This is illustrated by the construct optimization of E. coli YiaD. The yiaD gene from E. coli encodes for a 219-residue, 22.2 kDa bacterial lipoprotein precursor, that is cleaved at a cysteine near its N-terminus (C21), which in turn is covalently linked to the periplasmic face of the inner membrane. In initial NMR screening experiments, the mature 199-residue YiaD protein exhibited marginal quality 1 H-15 N HSQC spectra [ Fig. 5(A) , left]. DXMS analysis of the full-length protein revealed a $60-residue disordered region in the N-terminal region of the protein, which was not anticipated from disorder prediction and predicted secondary structure in this region of the sequence [ Fig. 5(B) ]. 51 Constructs were designed with varying N-terminal truncations based on these DXMS data. The residues 59-199 construct yielded the best H exchange mass spectrometry of purified recombinant proteins serves as a rapid means of identifying protein disorder using much smaller quantities of sample compared with amide hydrogen exchange NMR experiments, which also requires resonance assignment information. However, each analysis requires 2-3 days for sample preparation, MS data collection, and data analysis. Consequently, we became interested in further increasing the throughput by analyzing mixtures of purified proteins in a single set of 1 H/ 2 H exchange experiments. Such an experimental set up should give results similar to the individual protein experiments as long as there are no protein-protein interactions, no sequence similarities for the different proteins, and the sequence coverage is not significantly affected due to overlapping mass spectra from coeluting peptides. To this end, we analyzed a mixture of four proteins, where two proteins (protein C32E8.3 and DUF896 protein YnzC) are partially disordered proteins while the other two proteins (NESG target SR346-YjcQ protein from B. subtilis, and NESG target StR65-cytoplasmic protein Q8ZRJ2 from S. typhimurium) adopt highly ordered folds based on their solution NMR structures (DOI 10.2210/pdb2jn8/ pdb and DOI 10.2210/pdb2hgc/pdb, respectively). Figures 3(A,B) and 6(A,B), respectively. There is generally good agreement between 1 H/ 2 H exchange data for all four proteins when analyzed individually and in the protein mixture. In the case of the fully structured protein Q8ZRJ2 [ Fig. 6(A) ], slowly-exchanging amide hydrogens are observed for the entire protein sequence in both sets of experiments, although sequence coverage of the data obtained on the protein mixture is slightly lower (88%).
Initial results for YjcQ protein [ Fig. 6(B) ], both in the single protein 1 H/ 2 H exchange experiment (I) and in the protein mixture (M), indicate disorder in the C-terminal region of the protein (residue 72 onward). At first glance, this result appears to contradict the NMR structure showing an additional alpha helix in this region of the protein, and the high 1 H- 15 N hetNOE values (residues 72-80) consistent with low flexibility for this region of the protein. We traced this discrepancy in the different methods of assessing intrinsic disorder to the differences in pH of the buffers employed in the NMR structural study versus the amide hydrogen exchange measurements. Although the NMR experiments were conducted at pH 5.5, the first DXMS experiment was conducted at pH 7.5. The DXMS protocol was then repeated using the same pH 5.5 buffer employed in the NMR studies of YjcQ [ Fig. 6(C) ]. Under these conditions, the 10 sec deuterium incorporation level for peptide 72-82 goes down from 88% at pH 7.5 to less than 50% at pH 5.5. This result highlights the importance of making DXMS measurements under conditions similar to those to be used for NMR structural studies, to generate data for proper construct optimization and subsequent protein structure analysis.
DISCUSSION
Intrinsically unfolded regions in proteins often have significant biological relevance. 5 For example, the Cterminal third of TPPP CE32E8.3 protein studied here is the most strongly conserved region of the sequence, and is probably involved in specific protein-protein interactions. However, when the goal is the structural analysis of the ordered region of the protein structure, removing such disordered regions is a practical approach for obtaining crystals and/or improved NMR data, and the spectroscopic and structural studies afforded by the resulting optimized constructs may serve to bootstrap future studies of the full length protein and/or order/disorder transitions which accompany complex formation.
In practice, we find that the DXMS method is well suited for identifying disordered regions of proteins in the pH 5.5 to 7.5 range, a window typically employed in protein NMR. In principle, this does not preclude examining 1 H/ 2 H exchange in proteins at more extremes of pH, but this has not been necessary in our studies of NESG proteins to date.
Pepsin is an excellent choice for the DXMS method, which requires efficient proteolysis in the low pH range (pH 2-3). Pepsin shows broad substrate specificity, typically cutting the unfolded polypeptide chain at high frequency on the C-terminal side of bulky hydrophobic amino acid residues. In our experience with many proteins, pepsin provides extensive sequence coverage with overlapping peptide fragments. Although other acidic proteases are available, they generally have more limited sequence specificity, are less robust, and are therefore not particularly useful for our applications. In our hands, the immobilized pepsin column can be used repeatedly for many DXMS runs.
DXMS is an alternative approach to limited proteolysis (LP) 52,53 and LPMS 26 for protein construct design and optimization, combining the advantages of mass spectrometry, including low sample consumption (high sensitivity) and high-throughput potential, with the solventaccessibility information afforded by 1 H/ 2 H exchange studies. Although LP and LPMS also allow rapid identification of the flexible regions in a protein, these studies may require a customized experimental protocol for each case, because different combinations of enzymes (depending on the properties of individual proteins) may be required to achieve sufficient resolution. For the purpose of protein construct optimization, amide hydrogen exchange mass spectrometry is highly suitable because it provides comprehensive information regarding amide exchange rates for the flexible and structured regions of the protein, thus allowing the design of protein constructs with clearly defined boundaries. DXMS also allows unambiguous distinction between flexible tail regions and flexible internal loops. Overall, compared with LP and LPMS, DXMS is a higher resolution technique providing more complete information on the locations of disordered regions.
In several cases described in the Results section, the DXMS data reveal the locations of internal disordered loops in the protein structure. In all of these cases, these loops are relatively small, and no attempts have been made to surgically remove disordered loops from the middle of ordered regions of proteins. However, this strategy could in principle be used to design constructs lacking large internal disordered loops. Moreover, DXMS data are also useful for identifying disordered linker regions between ordered domains of multidomain proteins.
Knowledge of unstructured regions in proteins gleaned from DXMS can also be used for other applications, such as identifying potential binding partners for these proteins including other proteins, polynucleic acids, ligands, or stabilizing metal ions. This is particularly relevant to eukaryotic genomes where disordered proteins/domains are more prevalent. Furthermore, building a database of experimental protein disorder data will aid bioinformatics applications by providing a training set for the development and benchmarking of new or existing disorder prediction and structure modeling programs. We are developing such a database of DXMS data on NESG proteins for these purposes.
Our analysis of four-protein mixtures demonstrates that we can accelerate DXMS data accumulation by analyzing mixtures of proteins in a single set of experiments, without significantly compromising the sequence coverage for each protein. Wales et al. 54 have also recently demonstrated DXMS measurements on a mixture of four proteins. In the mixed-sample DXMS experiments presented here, we note a subtle yet systematic difference between the results for each protein measured in a mixture compared with individually. Namely, there appears to be slightly more 1 H/ 2 H exchange in the mixed samples compared with studies using individual proteins. DXMS data are measured over many fragments. When the experiment is done as a mixture of proteins data is obtained for fewer number of fragments per residue and the accuracy of the measurement is reduced. Hence, mixed samples provide lower statistical averaging of exchange data. Regardless, the qualitative exchange pattern is the same, meaning that DXMS analysis of mixtures is applicable to deducing the approximate boundaries between ordered and disordered regions in each protein. However, for more quantitative amide hydrogen exchange rate measurements, it is preferable to analyze proteins individually.
Finally, though the mixed DXMS experiments provide reliable results and they are a first step toward speeding up this approach, we are actively exploring other means of increasing the throughput of the DXMS approach. For instance, several steps in the protocol, including sample handling and injection, can potentially be automated using robotics, which are already implemented in the protein production pipeline within our structural genomics consortium. 27 Also, mass spectral data analysis is currently a manual and time-consuming process. As a result, we and others 55 are designing automation software to speed up the data analysis for these DXMS experiments. Taken together, these strategies will help establish the DXMS technique as a high-throughput approach for construct optimization of partially disordered proteins selected for NMR structure determination in both structural biology and structural genomics projects.
